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NOMENCLATURE

AModel frontal area, in.
2

AREA Geometric or effective nozzle throat or valve
cross sectional area, in.Z

AT' Free jet nozzle exit area, 490.9 sq. in.

CONFIG Blockage model configuration code (see Fig. 4)

CP n, CF_ Dynamic pressure ratio, DPWC n/PWCnI;n - n n

DEWPT Stilling chamber air dewpoint, referenced to

atmospheric pressure, *F

DPWCn, DPWC_ RMS value of the dynamic pressure measurement,
mv or psi

MACH, M Average test section Mach number

MFRAC Ratio of the mass flow through the primary o:
bypass line to the total mass flow rate

MODEL Blockage model identification (see Fig. 4)

MU Free-stream viscosity, lbf-sec/ft
2

." i Mass flow rate, ibm/sec

P Free-stream static pressure.psiL

PB Model base pressure. psia

PDn, PD-( Tunnel wall diffuser surface static pressure
for n = 1, 2, 3, 4 and 6. Diffuser pitot
pressure for n = 5. Tunnel coordinate, X
inside (), psia

'" th
PEn, PE ( ) Nozzle exit static pressure at the n orifice,

radial position, inside (). psia
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PF Cavity pressure from an orifice located at the
flange between the aerothermal nozzle and the
50 in.-diam test section, psia

PEAVG Average of the four nozzle exit static pressures,
psia

PRB1 Air pressure measured in the line just downstream

of heater HBI, psia

POSITION Blockage model position as shown in Fig. 5

PT, PT Mach 4 nozzle stilling chamber pressure, psia

PTC 1, 2 Mach 10 nozzle stilling chamber pressure, psia

PT2 Computed pressure downstream of a normal

shock, psia

PWCn, PWC_ Mixing chamber wall pressure, PWC4 - PT is a
direct measurement; IWC1, PWC2, PWC3 are
computed by PWC - PWC4 + PWCn4

n n

PWCn,m, PWC_ Pressure differentials in the mixing chamber,
PWCn,m - PWCn - WC m@ PWC14, 24, 34 are direct

transducer measurements; FWC23 computed as
PWC23 - PWC24 - PWC34, psi

SQ Free-stream dynamic pressure, psia

.RE Free-stream Reynolds number, per foots3
RHO Free-stream density, slug/ft3

RT, R Radius, in.

RUN NO. Data set identification number

T Free-stream static temperature, *R

TDn, TD Bypass duct line exterior surface temperatures:
TD1, TD2 at 7 in. from mixer section located
on the operating and nonoperating sides of the
tunnel, respectively. TD3 at 6 ft from mixer
section on operating side, °E

TF Cavity air temperature at flange between the
aerothermal nozzle and the 50-in. diameter test
section, °R
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THB1 Air temperature measured in the line just
downstream of heater HB1, 0R

TPPKG Temperature within sector mounted Tunnel C
pressure package, 0R

TRF Mach 4 throat flange exterior surface temperature,
at a point : 1.5 in. downstream of mixer section,
OR

TRH Mach 4 throat housing exterior surface temperature,rat a point = 25 in. downstream of mixer section, 0 R

TROLL Temperature inside sector roll mechanism, 0R

TSECTOR Temperature inside sector pitch mechanism, 0R

• TT Mach 4 nozzle stilling chamber temperature,
average value, 0R

TT , TT Stilling chamber temperature of the nth probe,
numbers in ( ) below are radius and angular

( , ) locations per Fig. 6, 0R

TTC, TTC_ Mach 10 nozzle stilling chamber temperature ot
( -- the nth probe, letters in ( ) below are the

permanent letter identification of these nrob.s.
oR

TV1, TV2 Relief valve outside surface temperature, valves
1 and 2, located on the operating and nonoperating
sides of the tunnel, respectively, 0R

TWCn9 IWC Mixing chamber temperatures at the nth location
(see Fig. 7), 0R

V Free-stream velocity, ft/sec

K Tunnel axial coordinate referenced to the midpoint
between the test section windows (see Fig. 8), in.

Tunnel radial angle, zero on top of tunnel and
positive counter-clockwise looking upstream, (leg

SUBSCRIPTS/POSTSCRIPTS

P Primary measurement

R Redundant measurement
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1.0 INTRODUCTION

The work reported herein was performed at the Arnold Engineering
Development Center (AEDC), Air Force Systems Command (AFSC), at the
request of AEDC, Office of Aerospace Flight Dynamics Test (DOF). The
Air Force Program Element number was 65807F, the Control Number was
9T03, and the Air Force project managers were Lt. Larry H. Davis and
Lt. Mary Swillum, AEDC/DOFO. The results were obtained by Calspan
Field Services, Inc./AEDC Division, operating contractor for the
Aerospace Flight Dynamics testing effort at the AEDC, AFSC, Arnold
Air Force Station, Tennessee. The tests were performed in the von
Karman Gas Dynamics Facility (VKF), Hypersonic Tunnel C - Mach number
4 configuration, under AEDC Project Number C115VC on April 7, 1982.

Previous tests (Refs. 1 and 2) had shown severe vibrations in
the tunnel mixing chamber with the tunnel operating in what is called
the "Series Heater Circuit". These tests resulted in screen damage

rin the mixing chamber. To alleviate this problem a "corebreaker" was
designed and installed at the mixing chamber entrance for the purpose
of breaking up the core, broadening the fluctuation frequency spectrum,
and causing an amplitude reduction in the low frequency fluctuations
that were probably responsible for the screen damage.

The present test objectives were: (1) evaluation of a corebreaker
to determine its effectiveness for reducing pressure fluctuations in
the mixing chamber, (2) definition of maximum model size by conducting
a blockage study with blunt and conical models, and (3) verification of
test unit operation at temperatures higher than previously tested (1900L
as compared to the previous maximum of 1660'R).

The tests were performed over the entire operating range for the
"Series Heater Circuit" Aerothermal Mach number 4 wind tunnel which
corresponds to stilling chamber pressures from 15 to 100 psia at
stilling chamber temperatures from near ambient to 1900'R. The blockage
data were obtained using blunt and 30-deg half angle conical models with
diameters up to one-half the free-jet exit diameter. Stilling chamber
pressures for the blockage data were from 17 to 58 psia. with the majority
of the blockage results obtained at 38 psia.

The primary instrumentation for the corebreaker evaluation was the
dynamic pressure measurements in the mixing chamber. Instrumentation
for blockage monitoring consisted of: shadowgraph pictures, nozzle
exit pressures, model base pressure, and various wall pressures atong
the test section and the diffuser. Additional test instrumentation
included numerous thermocouples for monitoring various components of
the Aerothermal test unit and circuit air temperatures.

A summary of the test data transmitted to the sponsor (DOFO) is
presented in Table 1.

Inquiries to obtain copies of the test results should be directed
to AEDC/DOFO, Arnold Air force Station, TN 37389. A microfilm record
has been retained in the VKF at AEDC.
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2.0 APPARATUS

2.1 TEST FACILITY

The Mach 4 Aerothermal Tunnel is a closed-circuit, high tempera-
tture, supersonic free-jet wind tunnel with an axisymmetric contoured

nozzle and a 25 in.-diam nozzle exit, Fig. 1. This tunnel utilizes
parts of the Tunnel C circuit (the electric air heater, the Tunnel C
test section and injection systeq and operates continuously over a
range of pressures from nominally 15 psia at a minimum stagnation
temperature of 710*R to 180 psia at a maximum temperature of 1570 0 R.

* Using the normal Tunnel C Mach 10 circuit (Series Heater Circuit),
the Aerothermal Mach 4 nozzle operates at a maximum pressure and
temperature of 100 psia and 1900*R, respectively. The air temper-
atures and pressures are normally achieved by mixing high temperature
air (up to 22500 R) from the primary flow discharged from the electric
heater with the bypass air flow (at 1440°R) from the natural gas-fired
heater. The primary and the bypass air flows discharge into a mixing
chamber just upstream of the Aerothermal Tunnel stilling chamber. TheL
entire Aerothermal nozzle insert (the mixing chamber, throat and nozzle
sections) is water cooled by integral, external water jackets. Since
the test unit utilizes t1le Tunnel C model injection system, it allows
for the removal of the model from the test section while the free-jet
tunnel remains in operation. A description of the Tunnel C equipment
may be found in Ref. 3.

2.2 TUNNEL CIRCUIT

The "Series Heater Circuit" was used for the present test and i3 depicted schematically in Fig. 2. Nine stages of compression are used
to supply the necessary pressure ratio and mass flow requirements, with
the supply passing sequentially through the gas-fired heater (HB-i).
Valve 254, the electric heater (HB-3), Mach 10 stilling chamber and
throat, and into the Aerothermal mixing chamber. The flow leaves tnL
mixing chamber and passes through the Mach 4 throat and nozzle before
the free-jet exits into the Tunnel C test section and the flow returns
to the compressor inlet.

The dashed lines in Fig. 2 represent portions of the circuit that
are not used for the "Series Heater Circuit" and are normally sealed
off using valves 454 and 554. For the present test Valve 554 was
removed and the lines were capped.

2.3 TEST ARTICLES

The corebreaker (Fig. 3) consists of a 2.5-inch base diameter

conical shape that is supported by six struts and included as a per-
manent part of a thermal shield located at the entrance to the Aer,-
thermal Mixing Chamber. Positioning of the corebreaker at this location
has the effect of "spreading and breaking up" the high energy core that
exits trom the Mach number 10 throat.

6 6



Two basic model shapes were used for the blockage study: 30-deg
half-angle cone and "flat face" disks. The cone model was assembled
from several cone segments, making it possible to vary the base diam-
eter from 7.9 to 12.5 in. These same segments were mounted individually
as flat-face disk models using a nut and bolt attachment for simplicity.
Model details are given in Fig. 4 and an installation sketch is pre-
sented in Fig. 5. The cone model was run in one position (cone apex
located two inches aft of nozzle exit) and the flat-face model was run
at 6-inches and 16-inches aft of the nozzle exit with the majority of
the results obtained at the 6-inch position.

2.4 TEST INSTRUMENTATION

The measuring devices, recording equipment, and calibration
methods for all measured parameters are listed in Table 2 along with
the estimated uncertainties. Instrumentation locations are illustrated
in Figs. 6, 7 and 8, corresponding to total temperature probes,
Aerothermal Mixer Section and Test Section/Diffuser pressure measure-
ments.

Thermocouple probe positions used during the present test are
shown in Fig. 6 for the Mach-10 and Mach-4 stilling chamber instrument
rings. Additional probes are available but only those shown were
recorded.

Figure 7 is a cross section of the mixing chamber showing the
location of all instrumentation in the region. Six thermocouples
(TWC1 - TWC6) were tacked to the downstream section of the first baffle
to monitor the temperature gradient along this baffle and also tc
indicate the thermal uniformity of the airstream in the mixer. Seven
additional thermocouples (TWC7 - TWC13) were located at various points
on either side of the insulation between the inner and outer shell of
the mixer. At four points along the mixer, dynamic pressure levels
were recorded. The dynamic pressure transducers were located in water-
cooled units mounted outside of the mixer section and were connected
to the inner surface by straight tubes (Fig. 7b), 0.25-inch inside diam
by 9-inches long. This ported type of installation gave a measured
signal that, based on calibrations, was approximately one-half that of
flush-mounted transducers. The pressure drop was measured between tht
first three points and the stilling chamber (point 4) using ordinary
differential pressure transducers, with long lines leading to the
transducers which eliminated pressure fluctuations.

Test section/diffuser instrumentation locations are shown in Fig.
8. Four static pressure orifices (Fig. 8a) were flush mounted near the
nozzle exit. The cavity air pressure and temperature were measured at
the test section flange as indicated by PF and TF in Fig. 8b. The test
section diffuser was instrumented with five wall static orifices (PD1 -
PD4 and PD6) and one pitot probe (PD5); the pitot extended 12 incies
from the wall.
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Positive proof of the flow breakdown (blockage) was provided
K by shadowgraph pictures recorded thru the tunnel standard single-

pass optical flow visualization system. Figure 9 gives a typical
picture sequence (2-4 sec intervals) for two cases: no blockage and
intermittent blockage. Partial loss of flow is clearly evident in
the last frame of Fig. 9b. All photographs show a vertical wavy
line which is the result of the bow shock intersection with the free-
jet boundary. This intersection is typical for all tests and does
not affect the test section flow since it is at the perimeter of the
free jet.

m3.0 TEST DESCRIPTION

3.1 TEST CONDITIONS

A summary of the primary test conditions is given below.

-6 -
M PT, psia TT*, OR P, psia T, OR RE x 10- , ft

3.94 17 719-1237 0.12 175 1.04

3.93 38 1063-1334 0.27 263 1.29

3.93 59 1536-1664 0.42 387 1.17
3.93 79 1663-1861 0.55 421 1.36
3.93 98 1854-1901 0.67 475 1.43

PT was held constant while TT was increased over the range shown.
Data were obtained at both ends and at selected intervals. Free-
stream parameters shown above correspond to the lower TT value.

Tunnel circuit parameter data were obtained at each of these
test conditions with model blockage at PT values of 60 psia and below.
A test data summary is presented in Table 3 and a copy of the tunnel test
log is given in Appendix C.

3.2 TEST PROCEDURES

3.2.1 General

The test operation was initiated by starting the tunnel at low
pressure and temperatureg stilling chamber pressure and temperature
were then brought up slowly to provide time for monitoring critical
pressure and temperatures ro avoid possible hardware damage. Model
blockage data were obtained at selected conditions. Dynamic pressure
transducer data were recorded on analog tape at several test conditions.

3.2.2 Model Blockage Tests

In order to establish the effects of model blockage on the various
pressures, data were recorded just prior to model injection. The mode.]
was then injected into the test section flow while recording shadowgraph
movies. Shadowgraph sequence pictures were recorded at 2- to 4-sec
intervals and pressure data were recorded after waiting sufficient
time to allow for stabilization.



The shadowgraph system display was monitored continuously in
an effort to visually confirm occurrence of flow breakdown (blockage).
However, blockage was not visibly apparent during the test and con-
firmation was only obtained after the test by examination of the shad-

wgraph pictures, which showed blockage to be intermittent for the
largest blunt model tested at total pressure up to 60 psia.

3.3 DATA REDUCTION

Free-stream test conditions were computed using the assumption
of a real gas isentropic expansion from the stilling chamber to the
test section. Mass flow rates through the Mach number 4 and Mach

number 10 throats were computed from their respective stilling chamber
conditions and throat area using the definition of flow rate for air
through a sonic orifice:

PT

fi =0.532 • AREA, ibm/sec

PT - psia

TT - OR

APX - orifice (throat) area, in. 2

Standard procedures were used for reduction of pressure and
temperatures as sensed by the transducers and thermocouples, respec-
tivelv.

3.4 DATA UNCERTAINTY

In general, instrumentation calibrations and data uncertainty
estimates were made using methods (Ref. 4) recognized by the National
Bureau of Standards (NBS). Measurement uncertainty is a combination

of the bias and imprecision errors defined as:

U = ±(B + t9 5S

where B is the bias limit, S is the sampled standard deviation and
' 95 is the 95th percentile point for the two-tailed Student's "t"

distribution which for degrees of freedom greater than 30 is taken
equal to 2.

Estimates of the measurement uncertainties for this test are
given in Table 2. In general, measurement uncertainties are deter-
mined from in-place calibrations through the data acquisition system
and the data reduction program.

9
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The calibration of the dynamic transducers was evaluated in the

VKF shock tube. With the transducer mounted perpendicular to the tube
axis and 9 inches from the pressure tap, the response of the transducer
was attenuated by about 50 percent. The frequency response of the in-
stallation was flat 4bove 350 Hz. The estimated uncertainty cited in
Table 2 reflects the performance of the transducer at atmospheric con-
ditions without accounting for the presence of the tube installation.
Evaluation of the uncertainty imposed by mounting these transducers
perpendicular to the tube falls outside the scope of this document.

4.0 DATA PACKAGE

Sample tabulated data are presented in Appendix D. Those values
deleted from the tabulations were either erroneous or not applicable
when the data were obtained.

Based on an examination of the data it appears that several
thermocouples in the mixing chamber were detached from the structure
and were effectively measuring air temperature rather than structure
temperature. The suspected thermocouples are TWC: 8, 9, 11.1

tie Results presented in the data package show that all test objec-

tives were achieved: (1) corebreaker effectively reduced mixing
chamber pressure fluctuations by about a factor of five, (2) maximum
allowable blunt model size is approximately 20 percent of the free-
jet area, and (3) maximum operating temperature limit of 1900*R at
PT = 100 psia can be achieved.

I.

t'"

i'10



REFERENCES

1. Strike, W. T., Langford, J. M. and Davis, Lt. L. M."VKF Aerothermal
Supersonic, Mach 4 Wind Tunnel Shakedown and Calibration," AEDC-
TSR-81-V42, November 1981.

2. Strike, W. T. "Calibration and Performance of the AEDC - VKF
Tunnel C, Mach 4 Aerothermal Wind Tunnel," AEDC-TR-82-6
(AD-A116279), May 1982.

3. Test Facilities Handbook (Eleventh Edition) "von Karman Gas

Dynamics Facility, Vol. 3," Arnold Engineering Development
Center, April 1981.

4. Thompson, J. W., Abernethy, R. B., et al. "Handbook Uncertainty
in Gas Turbine Measurements," AEDC-TR-73-5 (AD-755356), February
1973.

I1 11



APPENDIX A

ILLUSTRATIONS

12



MODEL SUPPORT
AEROTHERMAL INJECTION! RETRACTION
MIXING CHAMBER SSE

BAFFLES ANDH SCEN .MODEL COOLINGSE
AIR SUPPLY FEETA SOZ E TO

U PHTOGRPHYWINDOWS\_ DICAG

OPERA NG LOTRANSMDE RS

* -IYMODELI INJECTION

PICAMEHAIS

AIR SUPPLY FE OZE

a. PeseTveounnel essectinly e

~. unelCMachL 4.0PEConIguratFFUon

PHTGAHYWNOS3ICAG



0-0

ZL)L)4 ,..*
41J a
Goq I.

4.0 -44

140 z 1

*0 
I. 1 -

0 V 
a) ~ -

0) 40

co I
0-

0 W 0I

to 0)

0 -tX0 2(

WE 2 0

X 644

-4 *14

114



4

01*4

0.0

0:4

of N

r 4

r

15



["C,

• "0

0 .0
00

-Id .J 9

o \o"\

I.

16



0.4

44 a . 4g A.

z-0. do N. . .4 .4 N.

U"1

a.b

*a 04 2
~..4

8-t 141

II 010



'00S

ILI

ILI

z9

7 %*

Sol'

meahi _ _ _ *u

18a



~V7

* A

it!

N IN

I.l

aU

CL

19

L. "L L KL1'.



0

- 2 0 =

44 '4 (A
coto - t

040

4 O0 =

10 E4 4J .i CC

Oh% 00"

4d____ a.S 410"

UO 4tJ 1 ,,4, 1-

2 40 P4 r
0 0 S c0

-I

0U% 11 41
U 41.

"4 ,.

Ic 4.. -

W "4

.16 z3 4.'

1.3 C62 21 '

64AI -m -----

. 4 . 4 .I41 e .

S4, Ll

.. ~ .-.m



NOTES:
1. Installation shown for station 1,

COOLING WATER typicalfor stations 1-3. Installa-
tion for station 4 is slightly dif-

ferent but all dimensions shown are
the same.

2. Dynamic transducer length is such that
. \it is inset -0.08 inches back from the

0.25-inch diam hole.

TOP VIEW

To Differential
, j Pressure Transducer

0.375 diam - 24 UHF Thread
'for Installation of PCB-102A10

KDynamic Pressure Transducer

8.95

o0.50o 
MIXER

SURFACE

Rubber Hose,
attached by clamps
at top and bottom
to provide cooling
water passage

Trherml Liner'2,'"i" " """"
/ " ~(Corebreaker -,,,

INNER

All Dimensions in Inches SURFACE

*b. Typical Dynamic Pressure Transducer Installation

Figure 7. Concluded
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3 TABLE 1. Data Transmittal Sumary

The following item were transmitted to the Sponsor:

Lt. L. M,. Davis and Lt. 14. Swillua
AEDC/DOFO
Arnold Al'S
TN 37389

Item No. of Copies

Test Suary Report 2

Final Tabulated Data 2

Shadowgraphs 2

ft Installation Photographs 2
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TABLE 3. Test Data Summar7

a. Blockage Data

Nominal PT, sia
17 38 58

MODEL w POSITION RUN NUMBERS

12.5 Cone 1 (FWD) 3(2) 12(11) Note: RUN numbers
in ( ) are appro-

12.5 Flat 5(4) 7(6) 15(14) priate reference
V I runs, without model

1118 Flat 8(6) in the tunnel.

9.68 Flat 4! 10(9)

12.5 Flat 2(Center) 28,29(27) 26(25)

*Position relative to nozzle exit shown in Fig. 5

b. Dynamic Pressure Transducer -

Analog Tape Records

Nominal PTpsia RUN Numbers

P 17 3

39 7.8

58 15

79 16,19.

98 21

-8
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